The purpose of this study was to describe the prevalence of hearing loss and tinnitus in a cohort of Iraq and Afghanistan Veterans (IAV) with common post-deployment conditions, including traumatic brain injury (TBI), post-traumatic stress disorder (PTSD), and other typical post-concussive conditions such as headaches and vertigo/dizziness. This retrospective observational study used data from the national Veterans Health Administration (VA) data repository from fiscal years 2001e2014. Veteran data was included if there were at least three years of VA care, with one or more years of care in 2007 or after. We identified comorbidities that may be associated with post-deployment hearing loss or tinnitus including TBI, PTSD, depression, and common post-concussive symptoms using International Classification of Diseases, 9th Revision, Clinical Modification codes. A multinomial logistic regression analysis was used to examine conditions associated with hearing loss or tinnitus. Among IAV, 570,332 were included in the final analysis. Of these, 7.78% of these were diagnosed with hearing loss alone, 6.54% with tinnitus alone, and 6.24% with both hearing loss and tinnitus. Comorbid TBI, PTSD, and depression were significantly associated with increased rates of hearing loss, tinnitus, or both conditions together. Older individuals, males, and those with TBI, PTSD, or vertigo/dizziness were significantly more likely to have hearing loss, tinnitus, or both. In order to provide more holistic post-deployment support, this myriad of conditions should be carefully considered in the planning of clinical care and beyond.
Introduction
Since 2001, more than 2.6 million service members have been deployed to Afghanistan and Iraq, and of these nearly 1 million individuals have already received Veterans Health Administration (VA) health care (Burch et al., 2015; Office of Public Health, 2015) . Iraq and Afghanistan Veterans (IAVs) are a multi-morbid patient population and are likely to have sustained a traumatic brain injury (TBI), of which approximately 80% of these are mild (Bazarian et al., 2005) . However, while mild TBI (mTBI; or concussion) has been described as the signature wound of war for IAV, it is difficult to distinguish clinically from PTSD and other post-concussive symptoms frequently exhibited in this patient population (Hoge et al., 2008; Lew et al., 2011 Lew et al., , 2009 Snell and Halter, 2010) .
Improvised explosive devices, which are responsible for an estimated 75e81% of all injuries among IAVs, create a blast wave that can significantly impact numerous bodily systems (Owens et al., 2008) . These injuries may simultaneously occur with or be secondary to the TBI itself (Kerr and Byrne, 1975) . Generally, auditory dysfunction, defined in this paper as hearing loss and tinnitus, is more likely to result from a blast-related TBI than any other type of TBI, affecting upwards of 60% of these TBI patients (Bruins and Cawood, 1991; Chandler and Edmond, 1997; Fausti et al., 2005; Lew, 2007; Yetiser and Ustun, 1993) . Hearing loss and tinnitus (a persistent ringing in the absence of acoustic stimuli) are the two most common examples of these conditions.
Hearing loss and tinnitus have also long been the most prevalent service-connected disabilities, with more than 1.45 and 1 million Veterans receiving disability compensation for hearing loss and tinnitus, respectively (Office of Public Health, 2015; Veterans Benefits Administration, 2016). Increasing age, hypertension, current or former smoking, obesity, obstructive sleep apnea, hypercholesterolemia, loud leisure-time activities, firearm use, and occupational noise exposure are all associated with an increased frequency of auditory dysfunction complaints (Axelsson and Lindgren, 1985; Casale et al., 2012; Cruickshanks et al., 2015 Cruickshanks et al., , 2010 Figueiredo et al., 2015) .
Estimates of the prevalence of auditory dysfunction, such as hearing loss and tinnitus, vary widely based on both the method of estimation (e.g., survey or diagnostic codes) and the sample from which they are made. Drawing from a large and representative sample of U.S. civilians that included audiometric assessments, approximately 20% of U.S. citizens suffer from hearing loss, with women and African Americans exhibiting lower-than-expected rates (Lin et al., 2011) . Among IAV, the prevalence of hearing loss using diagnostic codes has been estimated between 12 and 58%, based on the sample and setting (for a thorough review, see Theodoroff et al., 2015) . Likewise, prevalence rates based on survey responses from among the general population suggest that upwards of 25% of U.S. adults are affected by tinnitus, a condition that lacks objective diagnostic criteria (Shargorodsky et al., 2010) . Previous estimates of the prevalence of tinnitus among IAV range from 6% to 75%, depending on the sample and methods used (Theodoroff et al., 2015) . Further, there is substantial evidence that hearing loss and tinnitus significantly impairs quality of life and affects activities of daily living by means of compromised sleep quality, reduced independence, increased frustration, irritability, stress, depression, or anxiety (Bartels et al., 2008; Sindhusake et al., 2004; Tyler and Baker, 1983) .
The purpose of this paper was to examine the prevalence of auditory dysfunction, namely hearing loss and tinnitus, and their associations with related post-deployment health outcomes in a cohort of IAV. We hypothesized that the increased prevalence of each of these conditions would be significantly associated with TBI, PTSD, depression, and other post-concussive symptoms in this Veteran population.
Materials and methods

Data source and cohort
After obtaining institutional review board approval, we first identified IAVs using the national Operation Enduring Freedom, Operation Iraqi Freedom, and Operation New Dawn (OEF/OIF/OND) roster file provided by the VA Office of Public Health. We then gathered data from the national VA inpatient and outpatient data files from the Austin Data Repository. Inclusion criteria for study were as follows: (1) received VA care inclusive of and between fiscal years 2002 and 2014 and (2) at least 3 (not necessarily consecutive) years of VA care during that period, and (3) who had data in the TBI screening database provided by the Office of Patient Care Services (2007e2015).
Measures
We identified sociodemographic characteristics using VA inpatient and outpatient data and the IAV roster file. For demographic characteristics, we used VA patient data as it was the most recent and addressed information that may have been missing in the roster file. Demographic variables included age, sex, race/ethnicity (Caucasian, Black, Hispanic, Native American/Pacific Islander, Unknown), and marital status (married/not married). Military demographic characteristics from the IAV roster file included component of armed forces (Active/Reserve or National Guard), rank at discharge (Enlisted/Officer or Warrant Officer), and branch of service (Army, Air Force, Navy/Coast Guard, Marine Corps). Age violated the assumption of linearity in the statistical model and was therefore categorized into the following age groups: less than 26, 27e40, 41e50, and 51 þ years.
Outcomes were diagnoses of hearing loss only (HLO), tinnitus only (TO), both hearing loss and tinnitus (HL&T), and Neither condition. These conditions were referred to collectively as auditory dysfunction. We identified Veterans who were diagnosed with hearing loss or tinnitus (primary or secondary diagnoses) at two separate visits, at least seven days apart, with International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) diagnostic codes. All ICD-9-CM codes used in this analysis are shown in Table 1 .
To examine the association between mechanism of TBI with outcome diagnoses and associated comorbid conditions, we included exposures reported by Veterans seeking VA care from the TBI screening instituted in 2007. To create this variable, we evaluated responses to the first section of the four-item screening measure: "During any of your OEF/OIF deployment(s) did you experience any of the following events (check all that apply)." The response options were as follows: Blast or explosion; vehicular accident/crash (including aircraft); fragment wound or bullet wound above the shoulders; and fall. We then categorized responses as: No exposure (none selected); Non-blast exposure only; Blast only; and, Both blast and non-blast exposure.
We identified clinical characteristics theoretically associated with post-deployment hearing loss or tinnitus (TBI, PTSD, depression, and post-concussive symptoms). We used ICD-9-CM codes from the Armed Forces Health Surveillance Center to identify TBI (Armed Forces Health Surveillance Branch, 2015) . Since coding guidance indicates that each TBI should be coded only once in clinical care, we required only a single inpatient or outpatient diagnosis (Defense Centers of Excellence (2010)). Separately, we also included amputation, spinal cord injury, and burns, because they are often indicative of more severe trauma possibly related to blast exposure and may have implications in hearing-related problems. Similarly, due to the generally traumatic nature of For the remaining clinical conditions, we required at least one inpatient diagnosis or two outpatient diagnoses at least seven days apart, following practices used by others (e.g., Hebert et al., 1999) . We also used the Selim algorithm to define PTSD and depression (Selim et al., 2004) . In order to examine the unique contributions of TBI, PTSD, and depression and the added impact of comorbid conditions, we created eight TBI-PTSD-depression status groups to describe all possible combinations of comorbidity (Collett et al., 2016) . Individuals without TBI, PTSD, or depression diagnoses were the reference (Ref) group.
Symptoms included in this analysis because of their association with TBI and/or hearing-related problems were headache, anxiety, cognitive problems, attention problems, vertigo/dizziness, visual problems, insomnia, fatigue/malaise, and hypersomnia. Because of their possible relevance to this population and the other aforementioned conditions, we also included and substance use disorder (SUD), neck pain, jaw pain, ear (otologic) pain, and eye pain. We also included conditions that have been previously implicated in hearing-related problems, including obesity (Cruickshanks et al., 2010) , obstructive sleep apnea (Casale et al., 2012) , nicotine use (Cruickshanks et al., 2015) , and hypercholesterolemia (Axelsson and Lindgren, 1985) .
Analysis
We first described the characteristics of those with HLO, TO, HL&T, and Neither. Based on the standardized residuals from the chi square analysis among each of the factors or conditions included in the analysis, p < 0.05 was considered statistically significant to indicate groups that had higher and lower than expected rates of each condition (i.e., Neither, HLO, TO, or HL&T). We also used multinomial regression analyses, controlling for all demographic and military characteristics and conditions, to determine if TBI, PTSD, depression, post-concussive conditions, or conditions commonly associated with auditory dysfunction were associated with HLO, TO, or HL&T compared to Neither. To examine differences in effect size between TBI-PTSD-depression status combinations, post-concussive symptoms, and conditions associated with auditory dysfunction, we examined differences by comparing 95% confidence intervals. Although significant differences can be present when confidence intervals overlap, we used a conservative approach and identified significant differences as those conditions for which no overlap occurred (Knol et al., 2011) . All analyses were conducted using SAS ® Version 9.2 (SAS Institute, Carey NC). With our large cohort size, the study was over-powered, making statistical significance easy to achieve. As a result, we discuss both large effect sizes (adjusted odds ratios; AORs >2.0 or <0.5) and smaller effects sizes that are still statistically and practically significant (Wickens, 1989) . For this study, all authors had access to all collected study data.
Results
Fig . 1 shows the resultant sample of Veterans that met our eligibility criteria. Among the total 507,248 IAV in this sample, 41,393 (7.26%) were diagnosed with HLO, 34,100 (5.98%) were diagnosed with TO, and 32,131 (5.63%) were diagnosed with HL&T.
Demographic and military characteristics of the sample
The average age of this sample was 32.68 years with a standard deviation of 9.03. The sample was predominantly white (65.32%), male (87.14%), under 40 years old (80.24%), and most recently on active duty as an enlisted service member in the Army. The demographics of the overall sample are representative of the population that enters VA care, although this differs meaningfully from the active duty population in numerous ways. For instance, the VA patient population has a lower proportion of Officers/Warrant Officers, women, Caucasians than that of those that compose active duty (Office of the Deputy Assistant Secretary of Defense, 2015) . There were statistically significant differences among each of the groups by condition in the chi-squared analysis, as indicated in Table 2 .
Based on the standardized residuals from the chi square analysis, both HLO and HL&T were disproportionally more common among men, married individuals, those older than 40, Caucasians, those most recently in Guard/Reserve, Officers/Warrant Officers, and those who had served in the Army. Further, those with TO were disproportionally more likely to be men, unmarried, younger than 26, Caucasian, Hispanic, or Asian, most recently on Active Duty, and those most recently in the Marine Corps. Table 3 shows the prevalence of TBI, mental health, common post-concussive conditions, and conditions commonly associated with auditory dysfunction among the groups of HLO, TO, HL&T, and Neither. Based on the standardized residuals from the chi-square analysis, there were statistically significant differences on all conditions among the hearing loss/tinnitus diagnostic groups (See Table 3 ).
Prevalence among the auditory dysfunction groups
Those with any blast exposure were more likely to have HLO, TO and HL&T. Likewise, those with diagnoses of either amputation or burns were more likely to have HLO or HL&T, but not TO. Except for depression only, all diagnoses included in the analysis were significantly more likely to be comorbid with HLO, TO, or HL&T. Table 4 presents the findings of the fully adjusted multinomial logistic regression on auditory dysfunction. Individuals with neither HL&T were the reference group throughout the analyses. The factors of age, sex, and marital status all had significant associations. Increased age was associated with an increased AOR in the HLO and the HL&T groups relative to those with neither condition. However, the 26 and under group was significantly more likely than all other age groups to have TO. The AOR for any auditory dysfunction was significantly higher among males relative to females in each auditory dysfunction group.
Multinomial regression
As for race/ethnicity, African Americans had significantly lower odds than any other race/ethnicity to have HLO and HL&T relative to those with neither condition. In fact, among those with HLO, Caucasians were significantly more likely to have the condition relative to all other races/ethnic groups with neither hearing loss nor tinnitus. Asian individuals were more likely than any other race/ethnicity to have TO.
Among the military characteristics, individuals in the Guard/ Reserve were significantly more likely than their Active counterparts to have auditory dysfunction of any kind, although this was most dramatic among those with HLO and HL&T. Marines were significantly more likely to have TO and HL&T relative to any other branch of service (See Table 4 ).
On the TBI screening measure, individuals that reported any type of exposure to blast-related exposure (blast only or blast and non-blast exposure) had significantly higher rates of any type of auditory dysfunction. Individuals who had suffered from an amputation were more likely to have HLO. Individuals who had sustained a burn injury were more likely to have HLO or HL&T.Those with a SCI were significantly less likely to have TO.
Regarding the combined TBI-PTSD-depression variable, almost all combinations of these conditions were associated with increased frequencies of HLO, TO, and HL&T. The only exception to this was the depression only group that did not have elevated rates of any auditory dysfunction. Those with TBI and PTSD were approximately twice as likely to have any auditory dysfunction. Further, those with TBI, PTSD and depression were also approximately twice as likely to have HLO or TO and nearly three times as likely to have both HL&T (See Table 4 ).
Among the other conditions examined, neither the diagnoses of anxiety, attention problems, nor SUD were associated with increased or decreased rates of any auditory dysfunction. In contrast, fatigue/malaise, insomnia, hypersomnia, and cognitive problems were all associated with increased rates of any auditory dysfunction. Further, both vertigo/dizziness and visual problems were associated with significantly increased rates of all types of auditory dysfunction. Every type of pain was also found to be significantly associated with increased rates of auditory dysfunction. Among the conditions commonly comorbid with auditory dysfunction, those with hypercholesterolemia had significantly increased rates of HLO and HL&T. 
Discussion
Among IAV, several deployment-related health conditions persist and affect quality of life; here we have examined the prevalence and conditions associated with hearing loss and tinnitus and then examined comorbidities associated with combinations of these conditions. Our main finding is that TBI and PTSD, but not depression, are associated with increased odds of comorbid hearing loss, tinnitus, and both hearing loss and tinnitus. Further, comorbid sensory dysfunction, such as vertigo/dizziness and visual problems, were associated with significantly increased rates of auditory dysfunction. These findings suggest these neurosensory conditions may be intrinsically linked but have subtle differences in their longterm consequences on behavioral health and should therefore be carefully considered in clinical care.
We identified a strong relationship between diagnoses of any auditory dysfunction and TBI or PTSD alone, but not depression. Further, we found that individuals with any diagnoses of auditory dysfunction were significantly higher among individuals with both TBI and PTSD or with TBI, PTSD, and depression. Evidence of a significant effect of TBI is in contrast to Hoge and colleagues (Hoge et al., 2008) finding, that when adjusted for PTSD, depression, and other variables, the only physical and post-concussive symptom associated with mTBI was headache. This may be attributable to a difference in methodology in that Hoge et al. (2008) examined symptoms reported by patients rather than diagnoses made by clinicians using diagnostic criteria during clinical care. Furthermore, the Hoge study examined active duty U.S. infantry and National Guard with similar combat experiences three to four months after returning from deployment and our study examined Iraq/ Afghanistan Veterans long after deployment (up to 10 years later) with a wide range of deployment and combat experiences.
One possible explanation for our findings is that the conditions we examined in this study (hearing loss and/or tinnitus) may be more likely to emerge over time or after completing combat deployments. With time, they may have become more willing to seek care as the presence of auditory dysfunction may disqualify them for service. Hearing function can be critical to certain specialty career fields, and so there may be dis-incentive to seek evaluation and care. It would be reasonable that these individuals are missionoriented and dedicated to their jobs and may have hesitated to come forward or seek care until separation or retirement. The type and nature of deployment, military occupation specialty, combat exposure, its relative association to an increased likelihood of TBI events, or side effects from medications to treat mental health conditions may exacerbate these conditions.
Similarly, other sensory-related conditions were significantly associated with the diagnoses of auditory dysfunction examined in this study. Vertigo/dizziness, visual problems, jaw pain, and otologic pain were each associated with increased rates of auditory dysfunction. It has been established that the auditory pathways are susceptible to injury and/or dysfunction after TBI (Lew, 2007) . The associations with mild TBI are not as clearly defined; however, several studies beside our own support that exposure to blast is associated with an increased likelihood of auditory dysfunction (Lew, 2007; Lew et al., 2009; Pogoda et al., 2012; Sayer et al., 2008) . In 2012, Oleksiak and colleagues reported that during routine TBI screening at the VA between 2007 and 2009, 87% of Veterans reported some level of hearing problems. Further, they found that those who had reported exposure to blast during deployment reported a higher incidence of auditory problems. When a subset of these Veterans were evaluated in an audiology clinic, nearly half were diagnosed with some kind of hearing loss (Oleksiak et al., 2012) . These findings contribute to a growing body of evidence that indicate that pervasive and irreversible hearing problems are a common issue among service members, particularly those exposed to blast events. Sayer et al. (2008) found that among the more severely injured Veterans treated at four VA polytrauma rehabilitation centers, 48% and 26% of those exposed to blast TBI also had hearing loss or tinnitus, respectively, compared to only 33% and 12% among those with non-blast TBI. Wilk et al. (2010) likewise found that within six months of deployment, self-report measures among OIF solders revealed that the increased prevalence of tinnitus was significantly related to blast more than non-blast mTBI, but only among those who had experienced a loss of consciousness. The findings of our study are consistent with these previous works, as Veterans that indicated some type of exposure to blast during deployment were more likely to have auditory dysfunction. Unfortunately, we cannot precisely identify the mechanism of TBI with administrative data and this potential relationship should be examined in a future study.
PTSD alone and TBI alone were also each significantly associated with diagnoses of hearing loss and/or tinnitus. To our knowledge, this is the first description of the association of these diagnoses with PTSD without comorbid TBI. In an effort to assess postdeployment medical burden that IAV might encounter, Frayne et al. (2011) examined PTSD comorbidities among IAV that received VA health care in fiscal years 2006 and 2007. Relative to those with no mental health conditions, they found that Veterans with PTSD were twice as likely to have a comorbid hearing condition following deployment. Much like this previous work, our study found a significantly elevated likelihood of PTSD among individuals with hearing loss and/or tinnitus. Furthermore, our results indicate that the effects of comorbid TBI and PTSD are additive in the rates of auditory dysfunction. The implications for these findings are unclear and will need to be explored further.
Depression was not associated with hearing loss and/or tinnitus. This finding goes against much of the existing literature on these conditions (e.g., Abrams et al., 2006; De Graaf and Bijl, 2002; Geocze et al., 2013; Langguth et al., 2011; Udupi et al., 2013) , which suggests strong links between hearing loss or tinnitus and depression. It is possible that the breadth of conditions included in this analysis substantially reduced the unique contribution of depression among this sample of Veterans who frequently have numerous comorbid conditions likewise associated with depression. Although it is possible that diagnoses of PTSD are prioritized relative to those of depression in this Veteran population, previous studies by our group among similar cohorts have demonstrated unique and independent influences of each depression and PTSD a Cell count not presented as it is equal to or fewer than 11. b Frequency is significantly higher than expected based on standardized residuals in the chi-square analysis. c Frequency is significantly lower than expected based on standardized residuals in the chi-square analysis. (Finley et al., 2015; Jaramillo et al., 2016; Pugh et al., 2016 Pugh et al., , 2014 . This indicates that the lack of effect associated with depression is not likely related to clinical or diagnostic tendencies at the VA. This study is among the largest and most comprehensive assessments of the prevalence and comorbidities of hearing loss and tinnitus among IAV. Although the general prevalence of tinnitus in the U.S. is estimated to be about 25%, this estimate is based on selfreport survey data because objective diagnostic criteria do not exist (Shargorodsky et al., 2010) . Estimates of the prevalence of HL&T among IAV vary widely (Theodoroff et al., 2015) . Prior to this study, the largest assessment thus far had been undertaken by Helfer et al. (2005) using a DoD chart review of ICD-9-CM codes among Army OIF soldiers who were seen in audiology clinics and diagnosed with post-deployment health problems. They found that 30.8% of these individuals had tinnitus and 15.8% had moderate-to-severe hearing loss. Although the prevalence of these conditions was lower in this study, it is likely due to the fact that the study was conducted in a cohort of all individuals seeking VA care during the study period and not limited to those with post-deployment-related problems. Our prior work has found that less than 20% were classified as having diagnosis consistent with TBI, PTSD and pain (Polytrauma clinical triad) associated with deployment, which are representative of those documented by many other studies regarding the prevalence of hearing loss and/or tinnitus in most other assessments (Helfer et al., 2005; Pugh et al., 2016 Pugh et al., , 2014 .
We found that auditory dysfunction, specifically hearing loss and tinnitus, was also significantly associated with age and gender factors. Like our results, previous research has found that the prevalence of each of these conditions increases with age (Shargorodsky et al., 2010) . Similarly, women and AfricanAmericans were significantly less likely to have either or both hearing loss or tinnitus, which, at least for sex, may be consistent with occupational hazard exposure differences (Lin et al., 2011) .
Limitations
There are several limitations to these findings. First, this study used ICD-9-CM codes to evaluate the prevalence of conditions. Since most diagnoses were required to be made twice in no fewer than seven days, the prevalence of conditions here are likely conservatively made relative to other prevalence assessment methods. Secondly, for some conditions, including tinnitus, diagnoses are subjective due to a lack of objective diagnostic criteria. Third, our study was undertaken using VA data of healthcareseeking Veterans and may therefore not be generalizable to other populations. Based on these considerations, it is likely that the estimates of prevalence reported are conservative and underestimate the true presence of conditions among the Veteran population.
Conclusions
Among IAV, numerous health conditions persist beyond service and significantly impact long-term health and quality of life. Veterans coping with hearing loss-related conditions tended to be older males who had served in either the Army or Marines Corps. Tinnitus also affected significantly more men, but the condition was more likely to be evidenced among the younger age group. We have examined the prevalence and conditions associated with hearing loss and tinnitus and found that TBI, PTSD, comorbid sensory dysfunction (i.e., vertigo/dizziness and visual problems), and headrelated pain (e.g., otologic and jaw pain) were associated with significantly increased rates of auditory dysfunction.
These conditions can have a negative effect on rehabilitation for other comorbid conditions as straining to hear can cause errors through miscommunication, increase cognitive demand, siphon limited energy, and increase baseline stress levels. Intervention to optimize sensory care may improve patient-provider and support interfaces that allow for improved outcomes before mental health conditions such as PTSD and TBI become recalcitrant. For the auditory system, this would require acute incentivized diagnostics and continued hearing preservation to avoid cumulative exposure and loss. Hearing loss can lead to isolation and avoidance of social settings which may limit family and care giver support. These conditions can substantially impact the life of these Veterans and should be carefully and holistically considered in their long-term care and condition management.
Disclaimer
